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An advanced design classification system for bicycle paths, based on geometric features and force equilibrium, can
pave the way for improved bicycle safety, accident prevention and the development of design guidelines. A design
and classification system does exist for bicycle paths, but the number of accidents has led to ambivalence about
its validity and effectiveness. In addition, a universally accepted classification system has not yet been approved
or adopted. This paper presents a unique set of design parameters, analytically developed based on formulas that
consider the physical characteristics and dimensions of individual bicycles. The proposed design system is based on
theoretical trigonometric derivations. The model was validated with the real-world geometry of the transportation
infrastructure of the city of Antwerp, Belgium. The conclusions of this study are useful for evaluating the
effectiveness of bicycle paths during the design stage without the necessity for real-world experiments. The results
will thus be valuable for stakeholders working on policy frameworks, bicycle safety and riding comfort.
Notation
b width of road in a bend (m)
d radius of front wheel (m)
e eccentricity of front wheel from handlebar (m)
Fv centrifugal force on the mass (N)
Fv,gyr centrifugal force when considering gyroscopic
forces (N)
Fw,hor horizontal force of friction of the road (N)
Fw,max maximum force of friction of the road (N)
f coefficient of friction
G vertical weight of bicyclist and bicycle (kg.m/s2)
g gravitational constant (m/s2)
hz height to centre of gravity of bicycle and rider (m)
i cross-slope of road surface (%)
ibend cross-slope of road surface in a bend (%)
ilongitudinal longitudinal cross-slope (%)
istraight cross-slope of road surface in a straight section (%)
k ratio of curvature for upcoming and previous road
segments
L length of wheelbase (m)
Lc length of transition curve (m)
l distance between point O and S
m mass of bicycle (kg)
mwheel mass of both bicycle wheels together (kg)
N normal reaction force on the road surface (N)
Nhor horizontal component of normal force
R curvature distance between point P and S of the
front wheel (m)
Rm radius of curvature of bicycle (m)
Rw radius of curvature of bicycle path (m)
r curvature distance between point O and S of the
rear wheel (m)
rwheel radius of bicycle wheel (m)
S added length due to bend widening (m)
v velocity of bicycle (km/h)
α corner of cross-slope of road surface (rad)
β tilt angle of bicycle (rad)
Δr bicycle lane widening
Δs change in longitudinal slope (%)
ϕ rotation angle around the axis of rotation of the
handlebar (rad)
ψ angle of inclination of the bicycle fork (rad)
1. Introduction
Using a bicycle as a main form of transport is generally
considered healthy and economical, and yields benefits at both
the macro and micro level (Rabl and De Nazelle, 2012). Due
to the advantages of cycling, a significant paradigm shift
in transportation modes is happening. Bicycle use has almost
doubled – in Münster, Germany daily bicycle use rose from
270 000 in 1982 to 450 000 in 2012 (Juhra et al., 2012) –
which has also led to an increase in bicycle-related accidents
(Juhra et al., 2012). The World Health Organization considers
road traffic crashes as one of the top ten causes of death,
and half of the deaths from road traffic accidents involve
bicycles, motorcyclists and pedestrians (WHO, 2013). The
recent and rapid increase in crashes involving non-motorised
vehicles has drawn the attention of traffic engineers and
government officials (Xu et al., 2016). Thus, although cycl-
ing has numerous advantages, its rising popularity has com-
plicated traffic efficiency and safety (Jin et al., 2015), and
bicycle safety has become an important subject for researchers
worldwide.
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According to the handbook for bicycle facilities in Flanders
(Mow, 2012), 20% of Flemish people use a bicycle daily and 41%
use a bicycle as a mode of transport weekly. Cycling comprises
12·3% of all travel trips in Flanders. In the Netherlands, bicycle
traffic comprises 26·3% of all travel trips. In comparison with
Flanders, the Dutch travel 13% more on bicycles and 17% less
using cars (Mow, 2012). These numbers are slightly lower if
Belgium as a whole is considered, since bicycle trips are less
popular in the southern part of Belgium (Wallonia). If bicycle
and car use numbers for Flanders were to be applied to the
Netherlands, the number of car trips would increase by more
than 50%, resulting in an expansion of mobility issues.
The Flemish government is actively promoting initiatives that
encourage bicycle use, such as the Brussels Bicycle-Gen (regional
expressway network), which aims to increase bicycle use in the
Brussels region. Flanders is targeting a 19% increase in bicycle
trips and a 6% reduction in car trips by 2020 (Crevits, 2012).
Investing in high-quality cycling infrastructure is more economi-
cal than investing in public transport. Table 1 shows a break-
down of bicycle-related deaths in various countries. The table
shows that Denmark and the Netherlands have the highest rates
of kilometres cycled per person per year, but also possess the
lowest numbers of deaths per billion kilometres (12 and 15, respec-
tively). Belgium ranks third in terms of the number of kilometres
cycled per year and has a considerable number of deaths per
billion kilometres (41). This raises significant concerns about the
Flemish bicycle infrastructure since Wallonia and Brussels have
much lower bicycle adoption than the Flemish region.
It is clear that motivating people to cycle more in their daily
activities may also increase the number of critical traffic safety
events on roads and intersections. Safer bicycle infrastructures
help to stimulate bicycle adoption. According to Noland and
Kunreuther (1995), users only start using a bicycle path if they
perceive the infrastructure to be safe enough. To increase rates
of cycling it is thus critical to reduce the amount of accidents,
and this may be addressed by policy making and making infra-
structure safer.
Current classification systems such as the bicycle intersection
safety index (BISI), the bicycle compatibility index (BCI), the
compatibility of roads for cyclists (CRC), the intersection
safety index (ISI) and the bicycle level of service (BLOS) took
inspiration from the Highway Capacity Manual (TRB, 2000).
These systems were developed with a focus on perceived user
ratings, traffic flows, number of lanes, the presence of
parking/intersections and so on.
The BISI gives ratings for the safety of intersections based on
a six-point scale and was developed based on traffic volume,
number of lanes, speed limit and the presence of separate
bicycle lanes and traffic control devices (Carter et al., 2007).
The ISI, however, is based on ratings collected through
photographic/video analysis, which may eventually lead to
bias. The BCI is a rating system that determines the level of
service for a road segment. It is based on the width/number of
lanes, traffic volume and speed limit. The BCI is primarily
designed to elevate the level of service by improving geometric
conditions (Harkey et al., 1998a). The CRC gives a rating that
depends on the shoulder pavement, volume, speed and the
presence of obstacles (Noël et al., 2003).
In Flanders, the quality and safety of bicycle paths is evaluated
by means of a rating survey (on a scale of 10) conducted
through the internet. This survey is conducted by the local news-
paper Het Laatste Nieuws. In the Netherlands, the bicycle union
Fietsbond gives ratings of bicycle paths based on multiple
factors, including direction, attraction, comfort, proximity, safety
and use. According to Landis et al. (1997), the BLOS evaluates
conditions for bicycle paths based on traffic flow, percentage of
heavy vehicles, width, number of lanes and a five-point pavement
Table 1. Bicycle accidents per country (Martensen and Nuyttens, 2009)
Country
Billion kilometres
travelled per year
Kilometres cycled
per person per year
Number of
deaths after 30 d
Number of deaths in
30 d/million habitants
Number of deaths
in 30 d/billion km
Belgium 3·3 323 134 13·1 41
Denmark 5 937 58 10·9 12
Germany 23·9 291 659 28 —
Greece 0·8 76 22 2 28
Spain 0·8 20 84 2·1 105
France 4·4 73 270 4·5 61
Ireland 0·7 185 10 2·6 14
Italy 8·9 154 381 6·7 43
Luxemburg 0 23 1 2·3 —
Netherlands 13·5 849 198 12·5 15
Austria 1·1 136 62 7·7 56
Portugal 0·3 30 56 5·5 187
Finland 1·3 251 53 10·2 41
Sweden 2·4 271 47 5·3 20
UK 4·5 75 131 2·2 29
EU15 70·9 188 1506 5·1 21
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rating system. This system is widely used to evaluate roadway
conditions in the USA (in the states of Texas, New York, Maine,
Florida, Kentucky and Maryland).
Lawson et al. (2015) developed the cycling safety index (CSI)
for the city of Dublin based on quantification of bicyclists’ per-
ception of safety. Developed for future network design and
modal choices, the CSI evaluates the perceived safety at differ-
ent road infrastructures such as traffic lights, stop signs, round-
abouts and cycling lanes. Lawson et al. (2015) revealed that a
higher number of days cycled per week lowered bicyclists’
safety perception levels. However, this conclusion can only be
considered relevant for Dublin’s cycling infrastructure since
other cities have other distinct infrastructural features.
Perception, attitude and previous experiences have a critical
influence on bicycle use. This issue was investigated by Nguyen
et al. (2015), who found that improved cycling infrastructure
(i.e. width, segregation and demarcation) increased traffic
volumes, although the motivation for more cycling was found
to be more related to connectivity rather than a change in land
use. Lee et al. (2012) investigated modal behaviour for the
adoption of cycling and suggested that experienced bicyclists
should be targeted in order to achieve a higher level of bicycle
adoption. Speed has a critical effect on traffic flow. Jin et al.
(2016) developed speed–flow curves for different cycling lane
widths and suggested that the percentage of electric bikes,
male bicyclists and cyclists with loads have an influence on
cycling speed in heterogeneous bicycle traffic flow in lanes of
various widths. Xu et al. (2016) explored the premise that acci-
dent risks are also associated with geometric design parameters
and are not only related to traditionally considered parameters.
Ultimately, that research aimed for new geometric design
improvements in bicycle paths considering optimal bends and
lane widening in the bends. Fees et al. (2015) suggested using
bicycle buffer lanes since narrowing the width of bicycle lanes
helps to increase traffic safety. They also recommend probable
future research gaps that are aligned with the objectives, find-
ings and conclusions of the study described in this paper. Fees
et al. (2015) suggested further studies to (a) determine bicycle
lane widths based on bicycle speed, (b) determine the influence
of vehicle types on bicycle position and (c) develop a relation-
ship between bicycle lane width and the operational width of
bicycles. This paper is an attempt to cover these aspects.
2. Scope and objective of the research
As already mentioned, different classification systems exist
that are based on different parameters: BLOS, BISI, CRC, ISI
and BCI. These classification systems are based on ratings, per-
ceptions or geometric properties. None of the current design
classification systems consider the speed of bicyclists, the width
of the bicycle path, radius of curvature and surface properties.
A novel approach for geometric design based on speed, radius
of curvature, friction, lane widening and the physical charac-
teristics of different sizes of bicycles is proposed in this paper.
The proposed speed guidelines were validated with real-world
data sets. A novel set of analytically developed design par-
ameters is presented and the developed equations are explained
in depth by describing the fundamental framework.
The high number of accidents among bicyclists in Antwerp
(Belgium) (Table 2) and the Netherlands (Table 3) has led to
doubts about the quality of existing infrastructure and possible
improvements that may be recommended. Loopholes in the
design of infrastructure are addressed in this paper, potential
solutions are recommended and a design classification system
is proposed.
The specific nature of bicycle-related accidents and their causes
in Antwerp (in 2015) and the Netherlands (in 2016) are pre-
sented in Tables 2 and 3. For the city of Antwerp, most
accidents led to minor injuries or only material damage. The
data also reveal that, per capita, there were many more bicycle
accidents in the city of Antwerp than in the Netherlands.
In Antwerp, the majority of accident causes were related to
cycling in the wrong direction in one-way streets (which is not
allowed) (11·1%), not giving priority while turning (11·0%)
and not giving priority in one-way streets (10·7%). In the
Netherlands, the majority of accidents were due to cyclists not
Table 2. Bicycle accidents and their causes in Antwerp (Belgium) in 2015 (Politie-Antwerpen, 2015)
Cause of accident Number of accidents Percentage of total
Cycling in the wrong direction (not allowed) 108 11·111
Cyclists colliding with each other 71 7·304
Did not give priority when turning 107 11·008
Vehicle door opening 52 5·349
Did not give priority in one-way streets 104 10·699
Cyclist performed a manoeuvre suddenly 61 6·275
Other 469 48·3
Total 972 100
Accidents resulting in severe injuries 45
Accidents resulting in slight injuries 760
Accidents resulting in material damage only 165
Accidents resulting in death 2
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giving right of way to other road users. In addition, 25% of
accidents were due to bicycles sharing paths with other road
users, 11% were due to bicycles not sharing with any other
road users while other reasons accounted for 9%.
This aim of this study was to develop speed and curvature
guidelines based on a road’s geometric features. In addition,
lane widening guidelines were developed depending on the
physical dimensions of bicycles. The focus of this paper is on
design values that will help improve accessibility, flow and
safety, which are related to other factors such as direction,
attraction, comfort and safety. Lee et al. (2012) stated that if
these factors increase, bicycle use will also be enhanced. This
is essential if the modal shift anticipated by policymakers and
government officials is to be achieved.
3. Speed
Speed is a critical parameter for the safety and comfort of
cyclists. The aim of this section of the paper is to propose
speed guidelines based on a real-world design experiment
coupled with standard design speed values. There is strong
relationship between bicycle speed and the necessary radius of
curvature for bicycle paths. The size of the radius of curvature
depends on bicycle speed, which varies from person to person,
and bicycle speed also depends on the characteristics of the
bicycle. The stability or balancing of a bicycle depends on both
its turn radius and speed. For a bicycle to remain upright,
two effects are important: gyroscopic forces and the trailing
of the front wheel. Gyroscopic forces arise since the wheel
possesses weight and rotates around its axis (centre of gravity).
However, if a bicyclist does not maintain the speed required to
stay upright on both wheels, they may use other equilibrium
techniques, such as balancing, which can only be performed
by experienced bicyclists. This complicates the mathematical
description of bicycles in equilibrium.
To determine average bicycle speed values based on real-world
data, the Flemish government conducted a project called ‘bike to
the moon’ (De Bruyn, 2013). Data were collected through smart-
phones (GPS routing) from many respondents (4643) cycling
over large distances (hence described as cycling to the moon).
The bicycle speeds measured in this project are shown in
Figure 1: bicycle speeds were normally within the range
8–25 km/h, with an average of 15·7 km/h and a standard devi-
ation of 6·1 km/h. These values are generally accepted and corre-
late with the proposed standard guide for speeds (Crow, 2012).
The design values developed by the i-Minds project are thus
universally acceptable (Crevits, 2012). At speeds below 8 km/h,
bicycles become unstable because the gyroscopic and trailing
effects are small, and this was assumed to be walking speed. The
actual speeds were adjusted with a 20% safety margin to give
design speeds. Table 4 shows the actual speeds and design speeds,
separated into four categories based on driving conditions.
4. Bends
Design guidelines for the optimal radius of curvature for
bicycle paths have not yet been developed. When a bicycle
wheel is moving in a uniform circular motion, it encounters
both centrifugal and centripetal forces. The optimal radius of
curvature for bicycle paths and its corresponding centre of
gravity can thus be calculated.
4.1 Radius of curvature for bicycle paths
A bicyclist travels on a non-linear trajectory and the centripe-
tal force can be computed by Equation 1, which is based on
Newton’s third law of motion.
1: Fv ¼ mv
2
1296Rm
Centrifugal force is a component that does not occur when a
bicycle is moving in straight line. Centrifugal force neglects the
gyroscopic forces caused by the wheels. This makes the actual
centrifugal force slightly larger, but the difference is negligible.
For better accuracy, Equation 2 considers gyroscopic forces
2: Fv;gyr ¼ mv
2
1296Rm 1þ
rwheelmwheel
mhz
 
The reaction to the centrifugal force consists of two parts: the
horizontal component of friction with the road surface and the
horizontal component of the normal force on the road surface,
Table 3. Bicycle accidents and their causes in the Netherlands in 2016 (Swov, 2017)
Cause of accident
Number of
accidents
Percentage
of total Type of road
Number of
accidents
Percentage
of total
Not giving priority (auto’s right of way) 974 31 Straight road 1600 31
Bicycle path on road 802 25 Curve 591 25
Separate bicycle path not road (e.g. a park) 351 11 Intersection without lights 252 11
Bicycle lane (separate lane markings) 281 9 Roundabout 92 9
No cycle path (forest/sand) 174 6 Intersection with lights 83 6
Sidewalk, footpath or pedestrian area 151 5 Other 408 5
Parking space 43 1 Unknown 119 1
Other 271 9 Total 3146 9
Unknown 99 3 Unknown 99 3
Total 3146 100 Total 3146 100
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which has a cross-slope. However, this is only the case if
the road surface is on a bend. If a cyclist follows the outer
bend, a banked slope is detrimental to the reaction force and
changes the angle of inclination (i) to a negative value. Before
the two parts of the reaction force can be determined, it is
necessary to calculate the normal force N. While a bicycle is
moving along a circular path, it is subjected to multiple loads.
These loads are caused by the camber (β), the tilt angle (α),
the influence of gravitational forces (g) and the friction ( f ), as
shown in Figure 2.
3: N ¼ cos α  G þ sin α  Fv
The reaction force Fw,max has a simple linear relationship with
the normal force N, with the friction coefficient as a linear
constant.
4: Fw;max ¼ f N
9
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Figure 1. Histogram of average bicycle speeds (Crevits, 2012)
Table 4. Design and actual speeds for bicycle paths (Crevits,
2012)
Driving condition
Actual speed:
km/h
Design speed:
km/h
Danger point Walking 5
Lower limit 8 10
Normal 16 20
Comfort 25 30
Fv
Fw
α
α
β
G
N
β
Figure 2. Equilibrium forces acting on a bicycle traveling on a bend
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Using Equation 3, this may be written as
5: Fw;max ¼ f ðcos α  G þ sin α  FvÞ
6: Fw;max ¼ f  1  G þ f  i  Fv
In Equation 5, it is assumed that cos α≈ 1, sin α≈ i and
tan α≈ i. This is an acceptable simplification for most bicycle
paths due to the small size of α. The second part of Equation 6,
however, is small and negligible and its omission results in an
additional safety factor. The gravitation force G is a simple
relationship between the mass m and gravitational acceleration
g. The horizontal component of friction of the road is
7: Fw;hor ¼ Fw;max  cos α
8: Fw;hor ¼ ðfG þ fiFvÞ ¼ fmg
In response to the centrifugal force, the horizontal component
of the normal force sinα ·Fv can easily be determined using
Equation 3.
9: Nhor ¼ sin α N
10a: Nhor ¼ sin αðcos α  G þ sin α  FvÞ
10b: Nhor ¼ ið1 m  g þ i  FvÞ ¼ i m  g þ i2Fv
The second term on the right-hand side of Equation 10(b) can
be omitted, since its effect is rather small and insignificant due
to the term i2. With only gravitational forces considered since
other effects are insignificant, this leads to
11: Nhor ¼ img
If a bicyclist is subjected to centrifugal force, these formulas
yield the trajectory and radius of curvature for each point
along the trajectory of the bicyclist. Assuming that centrifugal
forces are equal to the horizontal components of the reaction
force N and friction force Fw
12: Fv ¼ Fw;hor þNhor
input from Equations 1, 8 and 11 yields
13:
mv2
1296Rm ¼ fmg þ img
14: Rm ¼ v
2
1271376ð f þ iÞ
Equation 14 is independent of the weight and length
of the bicyclist. Consideration of gyroscopic forces the
leads to
15: Rm ¼ v
2
1271376ð f þ iÞ
 
: 1þmwheelrwheel
mhz
 
4.2 Radius of curvature of bicycle path
There is a significant difference between the radius of curvature
for the centre of gravity of a bicyclist, the bicycle and the con-
nection point between the bicyclist and road. If a rider is
leaning into a bend, the rider’s angle with the vertical plane is a
combination of the angles α and β (Figure 2). The sim-
plifications cos α≈ 1, sin α= tan α= i were used again since very
small angles are concerned. For α and β the following relation-
ships exist
16:
tan β ¼ Fwk k
Nk k ¼ f
sin β ¼ Fwk k
Fw þNk k ¼
fﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ f 2
p
cos β ¼ N
Fw þNk k ¼
1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ f 2
p
The radius of curvature for a bicycle path Rw is increased by a
value of S due to the difference between the radii for the
centres of gravity of the rider and the bicycle. Thus
17: Rw ¼ Rm þ S
To calculate the added value S (bend widening), Equation 18
is used.
18: S ¼ sinðαþ βÞ  hz ¼ ðsin α cos β þ cos α sin βÞ  hz
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19: S ¼ i  1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ f 2
p þ 1  fﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ f 2
p
 !
 hz ¼ ð f þ iÞﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ f 2
p  hz
As defined in Equation 16, cos β=1/(1 + f 2)1/2≈ 1, yielding
20: S ﬃ ð f þ iÞ  hz
Substituting Equations 14 and 20 into Equation 17 yields
Equation 21 for the radius of curvature of a bicycle path.
21: Rw ¼ v
2
1271376ð f þ iÞ þ ð f þ iÞ  hz
4.3 Transition curve
While a cyclist is travelling along a bend or turn, it is likely
that they will incline for additional balance. Use of a transition
curve means that the width of the bicycle path increases in
a bend. A transition curve allows for a cyclist to return to a
position perpendicular to the surface within the bend after per-
forming a steering operation in the transition zone. The length
of the transition curve complies with four conditions (De
Backer, 2013), stability, comfort, safety and visibility, as
described in the following subsections.
4.3.1 Stability condition
A bend transition connects differences in cross-slopes between
straight and circular sections. If the inner edge of the bend
remains at the same height over the length of the transition
curve, the height difference with the outer edge of the bend
can be calculated in two ways. According to De Backer (2013),
the difference in cross-slope (b(ibend− straight)) is equal to
the difference in height, which is needed to calculate the
additional longitudinal slope Δs over the length of the tran-
sition curve Lc (LcΔs).
22: bðibend  istraightÞ ¼ LcΔs
23: Lc ¼ bðibend  istraightÞΔs
Here, Δs is the change in longitudinal slope, which is
assumed to be limited to 1%. Hence, Equation 23 can be sim-
plified to
24: Lc  100bðibend  istraightÞ
4.3.2 Comfort condition
Lateral acceleration due to centripetal forces is prominent in a
bend but is not present in a straight section of road. Lateral
acceleration continues to increase linearly with the curvature.
The minimum length for the transition curve is
25: Lc  v36k g
v2
1296gRw  ibend
 
After further simplification and using the parameter f from
Equation 14, Equation 25 becomes
26: Lc  v36k gf
Equation 26 assumes that the friction coefficient f is equal
to 0·2. The length of the transition zone for this condition is
given in Equation 27. The ideal value of k (the ratio of curva-
ture for upcoming and previous road segments) is considered
to be unknown. Using 0·6 m/s for highways would result in
extremely large values for the minimal length of the transition
zone.
27: Lc  vk 0545
4.3.3 Safety condition
A bend is designed with a maximum speed related to its radius
of curvature, which is not the case for a straight section. A
cyclist thus needs to slow down before the bend in the tran-
sition zone. The necessary length for the transition zone before
the bend can then be calculated using
28: Lc 
v2bend  v2straight
1271376ð f þ ilongitudinalÞ
4.3.4 Visibility condition
For better visibility for road users, transition curves in a hori-
zontal plane should have a minimum angular change of 3·2°.
This results in the minimal length given by Equation 29.
However, the values obtained by this method are typically
small and do not have a noteworthy influence.
29: Lc  Rw9
5. Friction and influencing factors
5.1 Friction coefficient
The formula for the radius of curvature of a bicycle path Rw is
depends strongly on the friction coefficient f. The friction coef-
ficient is primarily linked to the type of road surface and is
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dependent on three factors: the materials used for the road
surface, environmental conditions and the medium between
the two. The value of f is essential for bicycles in terms of
steering, braking and accelerating. The friction coefficients of
various road surfaces are listed in Table 5. For bicycle paths,
micro-texture is of great significance since it influences the
surface conditions. In addition, f values fluctuate according to
weather conditions: during rainfall, the f value decreases and
the surface becomes slippery, thus requiring additional down-
force for cyclists to balance.
Little or no data are available regarding the value of the fric-
tion coefficient with reference to bicycle paths. Therefore, in
this study, the values used for normal road surfaces were used.
Bicycle paths are often designed with the same materials as
adjacent roads. Table 6 lists design values for f as stated by
road agencies (AWV, 2013; DVR, 1989) as a function of the
speed of cars travelling on highways. Linear regression analysis
was performed on the data in Table 6 to determine the
necessary friction values for typical cycling speeds and the
results are shown in Table 7. The overall average from Table 7
was used and rounded to give f=0·20 for bicycle paths.
5.2 Transversal inclination (cross-slope)
Another key factor for the radius of curvature of bicycle paths
is the transversal angle of inclination or cross-slope. For
bicycle paths, the cross-slope can be larger than that for high-
ways. On highways, large vehicles such as trucks may tilt in
larger cross-slopes. A professional cyclist can still travel on a
cross-slope of 20%, but motorised four-wheelers would have
difficulty doing so. A maximum cross-slope of 7·5% was used
in this study, which is a value that can be accommodated by
most recreational bicycles.
5.3 Minimum radius of curvature
As already noted
30: Rw ¼ v
2
1271376ð f þ iÞ
Based on Equation 30, it is possible to calculate values for the
minimum radius of curvature as a function of the design speed
for different values of cross-slope (−2·5%< i<7·5%). Plots of
minimum radius of curvature against design speed are shown
in Figure 3 and reveal a non-linear relationship between radius
and speed. However, it should be noted that the data set used
was modified for car traffic based on practical considerations,
Table 5. Friction coefficients of various road surfaces (Noon, 1994)
Surface type Friction coefficient, f
Gravel and dirt road 0·35
Wet grassy field 0·2
Dry asphaltic concrete 0·65
Wet asphaltic concrete 0·5
Dry concrete 0·75
Wet concrete 0·6
Snow 0·1–0·25
Loose, moist dirt allowing
tyres to sink 5 cm
0·6–0·65
Table 6. Friction coefficient as a function of design speed
according to AWV (2013) and DVR (1989)
AWV (2013) DVR (1989)
Design
speed: km/h
Friction
coefficient, f
Design
speed: km/h
Friction
coefficient, f
40 0·175 30 0·2
60 0·16 50 0·18
80 0·145 60 0·17
100 0·13 80 0·15
120 0·115 100 0·12
140 0·1
Table 7. Coefficient of friction f as a function of design speed for
bicycles
Coefficient of friction, f
5 km/h 10 km/h 20 km/h 30 km/h
Linear regression
(AWV data)
0·2 0·2 0·19 0·185
Linear regression
(DVR data)
0·23 0·225 0·215 0·2
Average 0·215 0·21 0·2 0·19
60
50
40
30
20
10
0
10 20
Velocity: km/ h
30 40
R w
 m
in
: m
i = –2·5%
i = 7·5%
i = 0%
Crow (2004)
i = 2·5% i = 5%
Figure 3. Graph of minimum radius of curvature Rw min as a
function of design speed v for different values of cross-slope i
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while Equation 30 gives a theoretical optimum. For the
maximum theoretical value of cross-slope (assumed to be
i=7·5%), the radius of curvature should be at least 3·2 m
(Table 4). For a standard cross-slope of 2·5%, the radius of
curvature should be at least 3·8 m. Designers could use a
smaller radius of curvature but only at locations where it is the
intention to reduce the speed of bicyclists (i.e. at dangerous
intersections). These results correspond well with the guidelines
of the Flemish Ministry of Public Works (Mow, 2012).
Figure 4 shows a graphical representation of the minimum
radius of curvature Rw min for different friction coefficients as
specified by Noon (1994) for different road surfaces and
detailed in Table 5. Figure 4 clearly shows that it is easier to
cycle through a bend on ‘good’ surfaces (i.e. asphalt/concrete).
For very rough/slippery surfaces (e.g. snow, grassy fields),
it is more difficult to cycle through a bend. As noted in
Section 4.2, the radius of curvature Rw as a function of speed
v, friction coefficient f, slope of road i and height of the centre
of gravity of the bicyclist hz can be written as
31: Rw ¼ v
2
1271376ð f þ iÞ þ ð f þ iÞ  hz
6. Lane widening
The road width in a bend should be greater than in a straight
section. In a bend, the behaviour of the front wheel of a
bicycle is critical as it tends to take a bend with a larger radius
in comparison with the rear wheel. The steering dynamics of a
bicycle are slightly different from an ordinary car. The handle-
bar of a bicycle is attached, with the help of the stem, to the
bicycle fork, which operates as an axis of rotation for the front
wheel. This axis of rotation is often in an inclined position to
create a positive caster. The location of the contact point for
the front wheel is controlled by the bicycle fork. Due to the
inclination, the front wheel axis is eccentric (considering the
bicycle fork), so the contact point is closer to the axis of
rotation. Due to this specific geometry, a widening of the tra-
jectory is created. Figure 5 shows a comparison of four poss-
ible bicycle cases. In the rest of this section, formulas for bend
widening for these four cases are developed. The formulas are
discussed later in the paper. It was difficult to determine the
effect for case IV (eccentric and inclined axis of rotation) even
though this is a widely used cycle type. The formulas were thus
developed on a case by case basis.
6.1 Centric and vertical axis of rotation (case I)
The origin and contact point with the ground for the rear wheel
are determined in this section. It is assumed that the bicycle
frame is aligned with the y-axis and the interface of
the (rotated) front wheel is then defined. From this point, the
trajectory goes straight to a particular slope. The direction
coefficient of the slope, cos ψ tan ϕ, is considered, in which ψ
is the angle of inclination of the bicycle fork and ϕ is the
angle of the handlebar. The method then determines the inter-
section point of the straight line with the x-axis. This is the
pivot point of the bicycle. A Cartesian coordinate system is used
with its origin the contact point of the rear wheel with the road
surface at point O (0, 0). The x-axis is perpendicular to the rear
wheel and the frame of the bicycle. The contact point of the
front wheel with the road is also situated on the y-axis while tra-
velling along a bend. A line perpendicular to the plane of the
front wheel, turned over an angle ϕ, defines the straight dashed
line in Figure 6. The gradient of this straight line is − tan ϕ.
The point S is where the dashed line intersects the x-axis, which
is also the midpoint around which the bicycle turns. The curva-
ture distance for the rear wheel is r= |OS| and the curvature
distance for the front wheel is R= |PS|. The necessary widening
of the bicycle lane due to the radius variation Δr is computed
as Δr=R− r. Determination of the coordinates for P and S is
important for the four different cases.
The outer radius of the bend is the distance between the
contact point of the front wheel and the pivot point. The inner
radius is the distance between the origin and the centre of
rotation. This method first determines the contact point for the
front wheel. For case I, it is easy to determine the contact
point of the front wheel (P) since it has no eccentricity. With L
the length of the wheelbase
32: P ¼ ð0;LÞ
40
30
20
10
0
R w
 m
in
: m
0 10
Velocity: km/ h
20 30
f = 0·75 f = 0·6 f = 0·5 f = 0·35
f = 0·2
Figure 4. Graph of minimum radius of curvature Rw min as a
function of design speed v for different frictional coefficients f
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The straight line l, which starts at P and coincides with the
x-axis at S, is determined by P and the gradient is − tan ϕ.
Therefore
33: y ¼  tan ϕ  xþ L
Point S is determined by assuming y=0, thus
34: S ¼ L
tan ϕ
; 0
 
The values for r, R and Δr as a function of ϕ can then be cal-
culated as follows.
35: rðϕÞ ¼ L
tan ϕ
¼ OSj jð Þ
36: RðϕÞ ¼ L
sin ϕ
¼ OPj jð Þ
37: ΔrðϕÞ ¼ Lð1 cosϕÞ
sin ϕ
ð¼ RðϕÞ  rðϕÞÞ
The bicycle lane widening Δr is now a function of the steering
angle ϕ. The variable ϕ can be eliminated from Equations 35
and 37. The same can be done again for Equations 35 and 36,
to end up with a formula for R as function of r. Equation 35
becomes
38: ϕ ¼ arctan L
r
 
L L
L L
Centric and vertical axis of rotation (case I) Eccentric and vertical axis of rotation (case II)
Inclined axis of rotation (case III) Eccentric and inclined axis of rotation (case IV)
ψ ψ
d d e
e
Figure 5. Four possible bicycle cases (Ul-Abdin et al., 2017)
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16
5π
16
3π
8
7π
16
0
l
d
Point P
Point S
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O
Figure 6. Illustration of contact points for bicycle with road
surface and radius of curvature for case I
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Substitution into Equation 37 and further simplification gives
39: ΔrðrÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
L2 þ r2
p
 r
40: RðrÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
L2 þ r2
p
The same methodology can be adopted for calculating the for-
mulas as a function of R, to give
41: ΔrðrÞ ¼ R
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R2  L2
p
42: rðRÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R2  L2
p
6.2 Eccentric and vertical axis of rotation (case II)
This case is considered to be purely theoretical, since it is
extremely rare. In this case, the bicycle moves with a negative
caster due to the presence of eccentricity. If the bicycle turns to
the right, then its front wheel plane moves to the right,
although centrifugal forces are pushing the bicycle to the left.
This explains why the bicycle may lose its balance at high
speeds. Figure 7 shows the notable differences in case II, such
as the point of impact for front wheel point P.
The contact point of the front wheel is first determined. This
point is (0, L – e) + the deflection of the eccentricity e. L is the
distance between the two shafts. Since the steering axis is not
inclined, ψ=0° and thus cos ψ=1. The notable difference in
the calculation compared with case I is the fact that the
contact point P of the rotated front wheel is not situated on
the y-axis: the contact point P has moved due to the eccentri-
city (e) of the front wheel. The values for points P and S are
43: P ¼ ðsin ϕ  e; L ð1 cosϕÞ  eÞ
44: S ¼ L e
tan ϕ
þ e
sin ϕ
; 0
 
tan ϕ  x
Figure 8 shows the lane widening for different values of e/L. A
wheel diameter of 0·7 m was assumed. The figure implies that
the larger the value of the ratio of eccentricity to the wheel-
base, the easier lane widening can be realised.
6.3 Inclined axis of rotation (case III)
Case III exists in reality but is still considered to be exceptional
(e.g. BMX stunt bicycles). In case III, the contact point P is
not situated on the y-axis. For case I, for an inclined axis,
1·5
1·0
0·5
–0·5 0 0·5 1·0
x /L
y/L
Point P
Point S
Point 
O
Figure 7. Illustration of contact points for bicycle with road
surface and radius of curvature for case II
1·0
0·8
0·6
Δr/L
0·4
0·2
0
0 2 4 6 8 10
r/L
e/L = 0
e/L = 0·3
e/L = 0·1
e/L = 0·4
e/L = 0·2
e/L = 0·5
Figure 8. Graph of bicycle lane widening Δr/L as a function of r/L
(case II)
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Figure 6 shows that the radius of the bicycle wheel is d. In
case III, the inclined axis of rotation (bicycle fork) crosses the
wheel path twice and passes through its centre. The inclined
axis has an angle ψ with the vertical line through the centre of
the front wheel. When turning, the handlebar rotates around
the bicycle fork through an angle ϕ. Finally, the values for the
x and y coordinates of the contact point of the front wheel can
be derived. For case I, the angle between the road surface and
the wheel is arctanðcosψ  tan ϕÞ. The straight line l has a
direction coefficient equal to − cos ψ · tan ϕ. The rest of the
calculation procedure evolves similarly to the previous cases.
From Figure 9, it can be concluded that if the bicycle moves to
the right, then the plane of the front wheel moves to the left,
which is the opposite of case I. When cases II and III for
eccentric and inclined axis of rotation are combined, the
contact point will be closer to the y-axis. The closer the
contact point is to the y-axis, the more stable the bicycle
becomes. The method first determines the point of the front
wheel. This point is (0, L) + the deflection by the twisted
wheel with an inclined shaft + deflection. L is the distance
between the two shafts.
The values for P and S are
45: P ¼  cos ϕ  sin ϕ  sinψﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 sin2ϕ  sin2ψ
q  d; Lþ sin2ϕ  cosψ  sinψﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 sin2ϕ  sin2ψ
q  d
0
B@
1
CA
46: S ¼ L
cosψ  tan ϕ ; 0
 
To obtain Δr and R(r)
47: ϕ ¼ arctan L
cos ψ  r
 
48: ΔrðrÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
L2 þ r2
p
þ sinψ  Lﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2  cos2ψ þ L2
p  d  r
49: RðrÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
L2 þ r2
p
þ sinψ  Lﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2  cos2ψ þ L2
p  d
Figure 10 shows how bend widening evolves for different
values of ψ for a standard wheel diameter of 0·7 m. The values
evolve from no inclination to an inclination of 45°. Moreover,
it is noted that the greater the angle ψ, the broader the lane
widening needs to be.
6.4 Eccentric and inclined axis of rotation (case IV)
Case IV combines both eccentricity and inclination. This is the
most critical case, with the most complex trigonometric
1·5
1·0
0·5
–0·5 0 0·5 1·0
x/L
y/L
Point P
Point S
Point O
Figure 9. Illustration of contact points for bicycle with road
surface and radius of curvature for case III
1·0
0·8
0·6
0·4
0·2
0
Δr/L
r/L
0 2 4 6 8 10
ψ = 0
ψ = 5π/24
ψ = π/24
ψ = π/4
ψ = π/12 ψ = π/8 ψ = π/6
Figure 10. Graph of bicycle lane widening Δr/L as a function of
r/L (case III)
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calculations. For case IV, eccentricity is not purely directed in
one specific direction. Figure 11 shows the contact points for
the front wheel, the rear wheel and point S.
If the eccentricity e is directed along the x-axis, the behaviour
will be the same as in the previous cases. However, if e is
directed along the y-axis, the P value would be small (cos ψ · e).
The method first determines the contact point for the front
wheel. In this case this is not dependent on the rotated position
of the front wheel. This point is (0, Le · cos ψ) +deflection by
the twisted wheel inclined shaft + deflection of eccentricity. L is
the distance between the two shafts and e is the distance
between the inclined axis of rotation and the wheel axle.
The values for points P and S in this case are
50:
P ¼ cosϕ  sin ϕ  sinψﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 sin2ϕ  sinψ
q  d  sinϕ  e;
0
B@
Lð1cosϕÞ  cosψ  eþ sin
2ϕ  cosψ  sinψﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 sin2ϕ  sinψ
q  d
1
CA
51: S ¼ L
cosψ  tan ϕþ
1 cosϕ
sin ϕ
 e; 0
 
Then, r, R and Δr are calculated as follows
52: rðϕÞ ¼ L
cosψ  tan ϕþ
1 cosϕ
sin ϕ
 e
53:
RðϕÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 sin2ϕ  sin2ψ
q
cosϕ  sin ϕ  Lþ sinψ  sin ϕ  d

ð1 cosϕÞ 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 sin2ϕ  sin2ψ
q
sin ϕ
 e
54:
ΔrðϕÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 sin2ϕ  sin2ψ
q
 cosϕ
cosϕ  sin ϕ  Lþ sinψ  sin ϕ  d

ð1 cosϕÞ  ð1þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 sin2ϕ  sin2ψÞ
q
sin ϕ
 e
Figure 12 shows how bend widening evolves for different
values of ψ (from no inclination to an inclination of 45°)
for a standard wheel diameter of 0·7 m. It is evident from
Figure 12 that the smaller ψ, the lesser bend widening is
required.
7. Practical design rules
The technology platform for transport, infrastructure and
public space (Crow) has defined a standardised bicycle for the
design of bicycle paths (Crow, 2012). This bicycle has a
1·5
1·0
0·5
–0·5 0 0·5 1·0
x/L
y/L
Point P
Point S
Point O
Figure 11. Illustration of contact points for bicycle with road
surface and radius of curvature for case IV
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Δr/L
r/L
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ψ = 0
ψ = 5π/24
ψ = π/24
ψ = π/4
ψ = π/12
ψ = π/8 ψ = π/6
Here e/L = 0 to 0·2
Figure 12. Graph of bicycle lane widening Δr/L as a function of
r/L (case IV)
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wheelbase of 1·1 m and a total length of 1·94 m. The wheel
fork does not have eccentricity e or an inclination angle ψ. In
reality, this standardised bike is not recommended for practical
use since it does not possess inclination or eccentricity. In
addition, longer cycles are now available, such as tricycles,
tandems, cargo bicycles and child tandems. Cycles such as
these are no longer an exception but are quite common on
streets in city centres with a higher cycling rate. Table 8 lists
the dimensions of commonly seen bicycles.
The values from Table 8 were used in Equation 54 to produce
Figure 13, which shows the necessary bicycle lane widening
for distinct types of bicycles as a function of the radius of
curvature.
It is evident from Figure 13 that cycle length plays a critical
role in the necessary bicycle lane widening. The longer the
bicycle, the more difficult it is to turn, especially using a small
radius of curvature. In this work it was also assumed that the
maximum handlebar rotation is not greater than 60° due to
practical considerations.
Based on Table 8, it is possible to propose a normalised set of
guidelines for bicycle path design, excluding the rarest bicycle
types. The effect of using this normative design bicycle, grouping
the harshest combinations of geometric dimensions, is shown in
Figure 14 for bicycle lane widening calculated for the normative
bicycle for the previously discussed four cases. To establish
a small difference between Equations 41 and 45, Equations 35
Table 8. Dimensions of various bicycles (Ul-Abdin et al., 2017)
Bicycle type L: m d: m ψ: rad e: m
Standard bicycle 1–1·15 0·32–0·36 π/9–π/7·5 0·035–0·075
Tandem city bicycle 1·73 0·32 π/8 0·045
Tandem mountain bike 1·78 0·35 π/12 0·04
Cargo bicycle with large cargo area 2 0·245 π/8 0·035
Cargo bicycle with plastic cargo area 2·1 0·25 π/12 0·045
Cargo bicycle with three wheels 1·27 n/a 0 −0·05
1·4
1·2
1·0
0·8
ΔR
/L
0·6
0·4
0·2
0
0 5 10 15 20 25 30
Standard bicycle –
Cargo bicycle 
(three wheeler)
Cargo bicycle (plastic)
Tandem mountain bike City tandem
Standard bicycle + Cargo bicycle (with large 
cargo area)
R/L
Figure 13. Necessary bicycle lane widening for distinct types of bicycles
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and 39 are used. Because of this, it is acceptable to use Equations
35 and 39, whereas the combined formula for an eccentric and
inclined axis of rotation should be avoided assuming that a cor-
recting value of Δr(ψ, e) = 0·05 m is considered. From Equation
41, the necessary bicycle lane widening on a bend for the norma-
tive design bicycle can be derived as Equation 55. Equation 55
can be considered a bend widening benchmark for bicycle
design. A correction of 5 cm is included in Equation 55.
55:
Δr ðbicycleÞ ¼ ΔrL þ Δrðψ; eÞ
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2 þ ð21 mÞ2
q
 rþ 005 m
The necessary additional lane widening for cargo cycles is thus
clearly dependent on the radius of the bend in plan view of the
bicycle path.
With eccentricity e estimated as half the bicycle wheel’s dia-
meter (i.e. e≈−35 cm) and the length L with an estimated
maximum value of 1·2 m, the total widening necessary for a
cycle with a cart attached to the saddle rail to go through the
bend and still be able to move is given by
56: Δr ðbicycle trailerÞ ¼ R
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R2  L2 þ 2  L  e
p
Two things need to be considered for the bicycle lane widening
on a bend: the dimensions of the bicycle itself and the
dimensions of the bicycle trailer (cart) if present. In
Equations 55 and 56, it was assumed that the axis of the bicycle
path corresponds to the movement of the rear wheel of the
bicycle. In principle, lane widening is realised at the outer edge
of the bicycle path, which is optimal for the cyclist. In contrast,
in the case of a bicycle with a trailer, lane widening must occur
at the inner edge. However, when widening is done at the inner
edge, a cyclist without a trailer will follow a trajectory with a
smaller radius in the bend. This is not desirable since it may
increase the accident risk. Therefore, lane widening is in prin-
ciple only applied at the outer edge of bends. Alternatively,
rumble strips could be considered in the case of additional lane
widening on the inner edge of bends for trajectories frequented
by bicycles using bicycle carts.
Since no values are available in the literature, the authors
propose the following as design formulas for lane widening of
bicycle paths in bends. Equations 57 and 58 give formulae
for total lane widening inside bends (Δblane widening). These
equations were derived from Equations 55 and 56.
57: Δb ðlane wideningÞ ¼ Δr ðbicyleÞ þ Δr ðbicycle trailerÞ
58: Δb ðlane wideningÞ ¼ ΔrL þ Δrðψ; eÞ þ Δrðbicycle trailerÞ
Infrastructural expansion is considered a possible measure to
reduce bicycle-related accidents and related safety issues. This
1·4
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1·0
0·8
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0·4
0·2
0
0 5 10 15 20 25 30
R/L
With eccentricity only With eccentricity and inclination Cargo bicycle Only with inclination
Figure 14. Necessary bend widening for different bicycle designs
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is in accordance with the work of Pulugurtha and Thakur
(2015) but a counter argument may arise. Even with excellent
infrastructure, if there is a certain lack of design parameters,
then infrastructural expansion may not be successful in achiev-
ing its target or achieve optimum efficiency. This paper has
addressed the deficiency in actual design guidelines. Table 9
presents a summary of proposed design parameters for future
guidelines.
8. Validation of the proposed design
classification system with real-world
geometric data
The proposed design classification was validated using the geo-
metric properties of real-world bicycle paths. For this purpose,
the city of Antwerp in Belgium was considered as accidents
and their respective causes have already been discussed and
accident occurrence in the city is quite high (Table 2) when
compared with that in the Netherlands (Table 3). Other promi-
nent reasons for considering Antwerp in this study were that it
is the most densely populated city of Flanders, with 520 504
inhabitants, and it has a large urban mobility infrastructure.
Large data sets of detailed geometric properties for bicycle
paths were collected and detailed analyses of the geometry
were conducted using Arc-GIS 10 and SPSS 24 software. In
total, geometric analysis of 12 746 bicycle paths in Antwerp
was completed, among which 12 717 paths were considered
suitable for further analysis. The pavements considered were
made of asphalt, concrete and gravel (Table 10). The con-
sidered evaluation indices for the purposes of comparison were
the radius of curvature and lane width, along with the surface
properties. Table 11 shows the considered values for the radius
of curvature for the proposed design classification system. The
design classification system and the obtained geometric data
sets were subjected to a normality test, a Spearman’s rank
correlation test and a Pearson χ2 test for model validation
(Tables 12–15). The radius of each real bicycle path was sub-
jected to a comparative analysis with the radius for the pro-
posed classification system. The data sets were subjected to a
normality test. It was found that for both practical (real world)
and theoretical (proposed) values the data sets were non-
parametric. The radius of curvature for concrete (48) = 0·203,
asphalt (48) = 0·234 and gravel (48) = 0·213 pavements
Table 9. Summary of the proposed design classification system
Feature Parameters included
Curvature
Without gyroscopic forces Mass (m), velocity (v), coefficient of friction ( f ) and slope (i)
With gyroscopic force Mass (m), velocity (v), coefficient of friction ( f ) and slope (i) and gyroscopic forces (mwheel and rwheel)
Radius of curvature of bicycle paths
Velocity (v), coefficient of friction ( f ), slope (i) and height for centre of gravity (hz)
Transition curve
Stability condition Change in lateral and longitudinal cross-slope (b(ibend and istraight) and Δs)
Comfort condition Velocity (v), ratio of the curvature for upcoming and previous road segments (k),
gravitational constant (g) and coefficient of friction ( f )
Safety condition Velocity (v) inside/outside bend, coefficient of friction ( f ) and longitudinal cross-slope (ilongitudinal)
Visual condition Radius of curvature (Rw)
Radius considering friction
Velocity (v), coefficient of friction ( f ), cross-slope (i) and height for centre of gravity (hz)
Lane widening
Centric and vertical axis of rotation Length of wheelbase (L), rotation angle around handlebar (ϕ), curvature distance between
point O and S (r) and curvature distance between point P and S (R)
Eccentric and vertical axis of rotation Length of wheelbase (L), eccentricity (e) and rotation angle around handlebar (ϕ)
Inclined axis of rotation Length of wheelbase (L), radius of front wheel (d ), rotation angle around handlebar (ϕ),
angle of inclination around fork (ψ) and curvature distance between point O and S (r)
Eccentric and inclined axis of rotation Length of wheelbase (L), eccentricity (e), rotation angle around handlebar (ϕ), angle of
inclination around fork (ψ) and radius of front wheel (d )
Practical design rules (lane widening)
Bicycle Radius of axis for road surface (Δr(L)) and eccentricity and angle of inclination (Δr(ψ,e))
Bicycle and cart Length (L), eccentricity (e) and curvature distance between point P and S (R)
Table 10. Number of bicycle paths in Antwerp considered for
validation of the proposed system
Total Concrete Asphalt Gravel
Total number of paths 12 746 2490 10 232 24
Number of analysed
paths
12 717 2461 10 232 24
Table 11. Threshold values for determining radius of curvature in
design classification system
Threshold value
Speed: km/h 8 16 25 45
f 0·65 0·75 0·35 —
i: % 0 2 5 7·5
hz: m 0·7194 0·8722 1·2044 —
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significantly deviated from normality as the p-values were less
than 0·05 (Table 12).
According to Spearman’s rank correlation test (Table 13), the
threshold values for the theoretical radius of curvature (pro-
posed) and those found in the city of Antwerp were strongly
positively correlated for concrete (r=0·943, p<0·05) and
asphalt pavements (r=0·926, p<0·05). However, for gravel
pavements the designed classification system had a lower corre-
lation with the Antwerp bicycle paths (r=0·344, p=0·079). It
should be noted that both theoretical and practical values were
independent.
The Pearson χ2 test (Table 14) was performed on all three pave-
ments to determine the relation between the proposed design
classification system and the geometric properties of Antwerp.
For concrete (χ2 (1554)= 1680, p=0·013) and asphalt pave-
ments (χ2 (1521)= 1728, p=0·0015) the relation between theor-
etical and practical values was strong. The results in Table 13
reveal that the proposed design system for concrete (0·943) and
asphalt pavements (0·926) had a good correlation with real-
world geometry. However, for gravel/stone pavements the pro-
posed design classification system did not give a good model
validation, with a correlation coefficient of 0·344. The designed
classification system thus has good model prediction values for
geometric properties (radius of curvature and width), which
were later validated with practical real-world data sets, but the
model does not provide good predictions for gravel pavements.
One reason for this may be only a small number of gravel
bicycle paths (N=24) were used for validation.
9. Conclusions
Due to the increasing numbers of bicycles on urban roads,
policymakers are placing more emphasis on road safety par-
ameters. The recommendations presented in this manuscript
were formulated by considering various design guidelines
(American (Harkey et al., 1998b; Carter et al., 2007),
Canadian (Noël et al., 2003), Dutch (van Boggelen and
Borgman, 2003) and Flemish (Asperges, 2006) guidelines).
Using case studies of the city of Antwerp (Belgium) and the
Netherlands, recommendations were formulated for a proposed
design classification system. According to the stated reasons
for accidents in Antwerp (Table 2), the numbers of accidents
could be reduced by providing improved infrastructure such as
separate bicycle paths (with the proposed design width) and
separate underground or overhead pedestrian/bicycle bridges
(with the proposed radius of curvature based on bicyclists’
speeds and surface properties), which may result in no inter-
action with other road users. These findings are in accordance
with the work of Noland and Kunreuther (1995), who reported
that safer cycling infrastructure would motivate people to cycle
as their mode of transport. According to Table 3, 3146 acci-
dents occurred in the Netherlands in 2016; this represents a
lower accident rate than that in Antwerp. The reasons for the
11% of accidents in the Netherlands on separate bicycle paths
(i.e. not sharing with road users) could be irregular surfaces
and cyclists travelling at inappropriate speeds, leading to
reduced decision-making time and collisions with other cyclists
or pedestrians. These issues could be addressed with the pro-
posed design classification system since it suggests threshold
Table 12. Statistical analysis of the proposed classification system
and the Antwerp data set: Kolmogorov–Smirnov test.
Con= concrete, Asp = asphalt, Gr = gravel, T = theoretical value
Con(T) Asp(T) Gr(T)
Statistic 0·203 0·234 0·213
Degrees of freedom 48 48 48
p-value 0·00 0·00 0·00
Table 13. Statistical analysis of the proposed classification system
and the Antwerp data set: Spearman’s rank correlation test.
Con= concrete, Asp = asphalt, Gr = gravel, T = theoretical value,
P = obtained real-world value
Con(T )Con(P) Asp(T )Asp(P) Gr(T )Gr(P)
Coefficient, r 0·943 0·926 0·344
Sig(2-tailed), p 0·00 0·00 0·079
Table 14. Statistical analysis of the proposed classification system
and the Antwerp data set: Pearson χ2 test. Con= concrete,
Asp = asphalt, Gr = gravel, T = theoretical value, P = obtained
real-world value
Con(T )Con(P) Asp(T )Asp(P) Gr(T )Gr(P)
Value 1680 1728 81
Degrees of
freedom
1554 1521 66
Asymptotic
significance
0·013 0·00 0·101
Table 15. Statistical analysis of the proposed classification system and the Antwerp data set: symmetric measure (nominal by nominal).
Con= concrete, Asp = asphalt, Gr = gravel, T = theoretical value, P = obtained real-world value
Con(T )Con(P) Asp(T )Asp(P) Gr(T )Gr(P)
Value Significance Value Significance Value Significance
Phi 5·916 0·013 6 0·000 1·732 0·101
Cramer’s V 0·973 0·013 0·961 0·000 1 0·101
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values based on speed, inclination, path width, centre of
gravity of the cyclist and the type of road surface. In the
Netherlands, 25% of accidents occurred on bicycle paths that
share road width with other road users. This could be
addressed by adopting elevated bicycle surfaces, the proposed
transition curves, radius of curvature and width, and by col-
ouring the surfaces prominently (red or yellow). Ultimately,
adjusting infrastructural geometric properties using the pro-
posed design classification system will have a prominent effect,
leading to better visibility, perception and thus safety. Xu et al.
(2016) and Nguyen et al. (2015) also stated that traffic flow
and accident rates could be addressed by looking into infra-
structural and geometric features.
The aim of this work was not to consider accidents and the
risks of accidents occurring on networks of bicycles paths. At
the development stage of this work, accidents and their risks
were considered beyond the scope of the study due to incom-
plete accident data on GIS bicycle routes. Instead, the major
focus of this work was on geometric design parameters linked
with surface conditions and the physical dimensions of
bicycles.
The proposed design classification system, validated with
Flemish infrastructure, is based on geometric properties, slope,
surface properties, cyclists’ speeds, the centre of gravity of
cyclists and transition curves for improving safety considering
different type of bicycles (Figure 5). By contrast, current classi-
fication systems (BISI, BCI, CSI and BLOS) are based on
traffic properties (traffic control devices, traffic volume,
number of lanes, traffic flow and user ratings). The proposed
system was developed for future bicycle networks and yields
handsome geometric designs. Use of the proposed system will
yield optimal traffic flows, better speed–flow relationships and
increased comfort levels/ratings. The strong correlation of the
system with real-world data showed that the proposed system
should have a good application rate. In addition, the findings
of this study could be used for any bicycle network worldwide
since its recommendations are based on properties that are
found universally.
In future studies it would be interesting to see how the pro-
posed system validates with the geometric properties of other
cities with high rates of cycling, such as Copenhagen,
Eindhoven or Amsterdam. It will also be of interest to develop
a relationship between accidents and near-accidents and the
proposed design classification system compared with the geo-
metric properties of existing bicycle infrastructure. Later stages
of work may consider the locations of accidents and their risks
to find relationships on specific routes, intersections or cross-
points with respect to the proposed design parameters.
However, even with highest standards of the proposed design
system, it may have some downsides: large infrastructural
improvements would require dissemination and approval by
policymakers, designers and the public and would lead to the
reconstruction of existing infrastructure, which requires large
financial investment. Nevertheless, the conclusions of this
study may be useful for designers and government agencies in
the future to evaluate the effectiveness of bicycle safety by
developing roadway sections without constructing bicycle net-
works. The proposed system will help designers determine
economic value and analyse which type of bicycle paths are
safe, effective and efficient before constructing them.
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